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INVESTIGATION OF THE DRAG OF VARIOUS AXIALLY SYMMETRIC NOSE SHAPES OF FINENESS
RATIO 3 FOR MACH NUMBERS FROM 1.24 TO 74"

By Epwanro W, Prrgivs, LELAND H. Joraensiy, and Soox ¢ SoMarer

SUMMARY

Dirag measwrements hare been made atzero angle of attack
Ffor a series of fineness ratio 3 nose shapes. The models in-
cluded varions theoretically derived winimum drag shapes,
hemispherically blunted cones, and other more comman profiles.
Pressure-distribution medasurements for a series of hemispheri-
cally blunted cones were also obtained. The Mach number and
Reynolds nwwmber ranges of the test awere 1.24 to 7.4 and
[0 105 fo 7.5 X 108 (based on model length), respectively.

Of the models tested, the paraboloid of rerolution had the
least foredray below a Mach number of 1.5, and the theoretically
minimum drag shape for @ given lenyth and diameter based
iupon Newton's impact theory had the least foredrag abore a
Mach wwmber of 1.5, The theoretical shapes Sfor manimam
pressire dvay for the awribiary conditions of given length and
dicmeter or given diameter and vobume derived by von Kdrmdn
and by Haaek do not have less drag than all other possible
shapes having identical rales of the same parameters.  No
model head the teast foredray for the complete Mach wumber
range.  Whererer possible, theoretical values of the foredrag
hased upon the sum of the theoretical skin=friction drag and the
theorctical wave drag weve calendated for comparison with the
e rperimental results.

The results for the series of henispherically blunted cones
have important practical significance sinee it was found that
the didmeler of the hendispherical tip may be faivly lurge without
markedly inereasing the foredrag over that of a sharp pointed
cone of the same fineness ratio. In fact, for a fired fineness
rutio of 3. the foredrag is reduced somewhat by a small degree
of blunting, although for a fired cone angle blunting always
inereased the drag.  An empirical erpression, applicable for
free=stream  Mach numbers greater than 2, is dereloped for
calewlating the wave drag of the series of hemispherically
blunted cones.

INTRODUCTION

"The allied problems of predicting the drag of bodies of
revolution and of minimizing the drag by proper shaping of
the body have been the objects of numerous theoretical
investigations,  With regard to the problem of predicting
the drag, that part of the deag which has thus far proved

most amenable to (heoretical ealeulation is the wave drag.
For pointed bodies of revolution at Mach numbers sufticiently
high for shocl-wave attachment, the wave drag may be
caleulated by either perturbation theory or by the method
of characteristies.  For highly blunted nose shapes there is
no simple theoretical method for predicting the pressure
distribution and drag. Therefore experimental results have
been relied upon for this information.

The first part of the present investigation is n study of
the pressure distribution and drag of a series of hemispheri-
cally blunted cones. Although it might seem Uit the use of
such a blunt nose would result in a high drag penalty, pre-
liminary estimates * have indicated that the drag of a nose
shape consisting of a hemispherical surface faired into an
expanding conieal surface can he less than that of a sharp
cone of the same length-to-dinmeter ratio.  The results of
preliminary estimates of the variation of drag with the ratio
of liemispherieal tip dianmeter to base diameter for fineness
ratio 3 have indicated that a small reduction in drag can be
vealized at all supersonic Mach numbers. Perhaps more
important than the reduction in drag is the indication that «
relatively lnrge hemispherieal tip can he used without ineur-
ring any drag inerease above that of & sharp-nosed cone of
the same fineness ratio.  In order to verify these predictions
and to provide quantitative drag data the present investiga-
fion was undertaken.

The second phase of the investigation is a study of mini-
mum drag nose shapes.  Most theoretical approaches have
hoen direeted toward the mimimization of the wave drag
only. Von Karmian (ref. 1) developed an integral equation
for the wave drag of slender bodies of revolution at moderate
Mach numbers.  Using this equation, he derived a minimum
drag nose shape (commonly referred to as the Karman ogive)
for a given length and diameter. Subsequently, Haack (ref.
2) and others (refs. 3 and 4) have used the Karman integral
equation in developing minimum drag shapes for other
auxiliary conditions, such as given length and volume or
given volume and diameter. Through the use of the Karman

timates were nunde by summing the experimentally determined wave
W nose and the theoretical pressure drig of the conical afterbody, as-

? These prelinminary
driag of the hemisph
suming that the pressure on the surface of the conical afterhbody was the same as that for a
sharp cone of the same slope,

1V Supersedes NACA Researeh Momorandim Aa2H28 by Edward Wo Perkins and Leland 11, Jorgensen, 1852, ainl NACA Researel Memorandim A52IIR by Simon ¢, Sommer and

Tames A, Stark, 1952,
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integral equation as the basis for these dertvations, the
apparently unnccessary vet simplifying  assumption of
zero slope of the meridian at the base has been imposed.
This restriction is pointed out by Ward in reference 5,
wherein he shows that his more general expression for wave
drag reduces to that obtained by von Karman for the speeial
case of a body having zero slope at the base. In a later
paper (ref. 6) Ferrari developed a minimum drag nose shape
for a given length and diameter which has a finite slope of
the meridian at the base. For the high supersonic Mach
number range, minimum drag shapes based upon Newton's
law of resistance have been derived by Eggers, Resnikoff,
and Dennis (vef. 7). These shapes differ appreciably from
comparable  optimum  shapes for low supersonic Mach
numbers, although the theoretical optimum shapes in both
instances have blunt noses when the length is fixed and sharp
noses when the length is allowed to vary.

Due to the basic assumptions in the derivation of the
Karman integral equation, it may be expected that the
shapes resulting from the use of this equation are theoretically
optimum from a minimum drag standpoint only for large
fineness ratios and low supersonic Mach numbers. I con-
trast, the shapes resulting from the Newtonian theory may
be expected to be optimum only at high supersonie Mach
numbers.  However, for low fineness ratio shapes at moder-
ate Mach numbers, it is impossible to sayv a priori which of
the theoretically optimum shapes will have the lesser wave
drag, orin fact if cither of the theories is capable of predicting
the least-drag profile.  One of the purposes of the present
investigation is, therefore, to compare the experimental
drags of these thearetically optimum shapes and of other more
common profiles for an intermediate fineness ratio over
wide Mach number range.  To this end a series of fineness
ratio 3 models of these theoretically optimum shapes have
been tested in the Mach number range from 1.24 to 3.67.

SYMBOLS
A model base area, sy in.
- total drag
(', total dvag coeflicient, B .
qA
Cop foredrag coetlicient based on base area,
total drag  base drag
g1
s - 2
op foredrag coeflicient based on volume to the § bower,
total drag --base drag
T o 'AqT'Ql?i' 0
, . wave drag
Cow  wave drag coefficient, --=22= a
g.1
d Iiemisphere dinmeter, in.
D model base dinmeter, in,
- T M
K similarity parnmeter, - -
1 ;
: LD
I model length, in.
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M free-stream Mach number
- ) —
P pressure coeflicient, Pp
q
. .. D — P
7, prtot-pressure coefficient, Pep
q
. o P
. cone pressure cocfficient, £«
3
q
P local static pressure, hfsq in.
P free-stream static pressure, Ih/sq in.
P pitot total-head pressure, Ibjsq in.
P cone static pressure, Ib/sq in.
q free-stream dynamie pressure, gp.\lg, 1b/sq in.
’ model local radius, in.
I model base radius, in.
Re free-stream Reynolds number based on body length
1 model volume, cu in.
Ay axial distance from the nose, in.
1
a angle of attack, deg
¥ ratio of specific heats of air, taken as 1.40
0 cirenmferential angle of hemisphere measured from

the upstream stagnation point, deg

w cone half angle, deg
APPARATUS AND TESTS

The experimental investigation was conducted in three
facilities, the Ames 1- by 3-foot supersonic wind tunnels
No. 1 and No. 2, and the Ames supersonic free-flight wind
tunnel.  The two 1- by 3-foot wind tunnels are conventional
tunnels which are equipped with flexible top and bottom
plates for varving the test section Mach number.

For the tests in the supersonic free-flight tunnel the models
weee Jaunched from a smooth-bore 20mm gun, and were
supported in the gun by plastie sabots. Separation of the
model from the sabot was achieved by a muzzle constriction
which retarded the sabot and allowed the model to proceed
in free flight through the test section of the wind tunnel.
A more detailed deseription of this facility is given in refer-
cnee 8,

MODELS

Sketehes of the models tested, inchuding dinensions, speci-
fied parameters, and defining equations, are presented in
figure 1. For the series of hemispherically blunted cones
shown in figure I{a) the length-lo-dinmeter ratio of 3 is
constant, and the cone angle is decreased as the bluntness
(ratio of hemisphere diameter to base dinmeter) is inereased.
For the series in figure 1(b) the base diameter and conce
angle are canstant, and the length decreases with inerease in
Bluntness.
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5p 500

6p |} 1000 [

Note. . 4p, 5p, and 6p are pressure distribution models.
Models f through 5/, are free-flight models.

(b)
. . . L
‘a) Hemisphere-cone series for constant D:3~
(h) Hemisphere-coue series for eonstant cone angle.

Figure 1.--Model profiles.  (Dimensions are in inches.)

The family of fineness ratio 3 models defined by the equa-
tion r=R(X/L)* 1s shown in figure 1(c). TFor length and
base diameter specified, the profiles of the hypersonic opti-
mum (Newtonian) nose and the nose developed by Ferrari
(ref. 6) ean both be very closely approximated by the above
equation for n=%.  (Sece fig. 2.) Since the ¥-power nose is
a reasonable approximation to these theoretically derived
optimum shapes, it alone has been tested and is referred to
throughout the report as the hypersonic optimum nose.

Fineness ratio 3 models of the minimum drag shapes based
upon the work of von Kidrmin and subsequently Haack are
shown in figure 1(d). For any two specified parameters
such as length and diameter, length and volume, or diameter
and  volume, are the theoretical optimum nose
shapes and for convenience have been designated as the
L-D. -V, and D-V Haack noses. A similar designation has

these
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7~ Model 10
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. Porobolod | /2
/4 Power 174
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@ -are cos (1—-
L

Fravee 1.

been used for the circular-are tangent ogive and cone shown
in figure 1(c). The L-1" ogive has the same length and
volume as the 7-V Haack model, and the D-V cone has the
same diameter and volume as the D-V Haack model.  Also
shown in figure 1(c) is a fineness-ratio-3 ellipsoid,

Except for the pressure-distribution models, all the nose
shapes were constructed of duralumin.  The 30- and 50-
percent hemispherically blunted cone pressure-distribution
models (models 4p and 5p) were cast of tin and bismuth, and
the hemisphere-eylinder, pressure-distribution model (model
6p) was constructed of steel,

TESTS

Wind tunnels No. 1 and No. 2.-—The total drag was meas-
ared by means of a strain-gage balance located in the model
support housing.  The base pressure was determined through
the use of a liquid manometer connected to two holes in the
supporting sting at the base of the model. Experimental
vatlues of foredrag were then taken as the difference between
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the measured total deag and base pressure dimg. Because
of the operating characteristies of the tunnels, it was not
possible to maintain a constant Revnolds number throughout
the Mach number range of 1.24 to 3.67; however, an attempt
wis made to keep the Reynolds number constant for all
models at cach Mach number.  In the following tuble the
average Reynolds number (based on model lengthy and its
limit of variation for all models tested at each Mach number
are listed :

M RexX 10 Tunnel No.

24 2424011 I
Lb 117100 I
30144020
Lot 4 1040010 2
106 4 144:0.12 2
199 201 10,01 I
286 400 L0 10 2
3060 4001019 2
367 345 L0 07 2

The pressure-distribution fests were all made in tunnel No.
2 at Mach numbers of 1.5, 2, 3, and 3.7 and at an average
Revnolds number of about 43 10°,  Pressure distributions
for the hemisphere-cone pressure models (models 4p, 5p, and
Gp) were determined through the use of a liquid manonieter
svstem connected to two rows of orifices along the models

ani spaced 180° apart. The models were rotated and a

8 T
g — fur-off uperagtion
= Air- on operation
Egb—
¢ |
= i
o4 : —
C
i
Dot . — e
=] .
C
R 7
o

0O

] | 2 3 4 5 6 7 8

Mach nember, M

Iieere 3. Range of Mach numbers and Reviolds numbers of
tests in the Ames supersonie free flight wind tannel,

longitudinal pressure distribution at each 30° inerement in
circumferential angle was obtained.  The resulting pressure
cocflicients at cach longitudinal station were averaged (o
obtain the values presented.

Free-flight wind tunnel. -With no air flow through the
wind tunnel, Mach numbers varied from 1.2 to 4.2, depend-

ing on the model nunehing velocity,  This condition s

referved o as “air off " Rexnolds number varied lincary
with Mach number from 1.0 10% (o 3.3<10% as shown in
figure 3. With air flow established in the wind tunnel,
referred to as “air on,” the combined velocities of the model
and Mach number 2 air stream, with the reduced speed of
sound in the test section, provided test Mach numbers from
3.8 to 7.4, In this region of testing, Revnolds number was
held approximately at 43X 10° by controlling test-section
stutic pressure.  In addition, some models were tested at
approximale Revnolds numbers of 3 10% at Mach number 6.

Drag coeflicient was obiained by recording the time-
distance history of the flight of the model with the aid of a
chronograph and four shadowgraph stations at 5-foot inter-
vals along the test seetion,  From these data, deceleration
was computed aml converted to drag coeflicient.  This
report inehides only the data from models which had maxi-
mum observed angles of attack of less than 3°, sinee larger
angles measurably increased the drag,
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ANALYSIS OF DATA

REDUCTION OF DATA

All the experimental data have been reduced to coeflicient
form and the data front wind tunnels Nos, T and 2 have been
correeted for the effeets of the small nonuniformities in the
wind-tunnel flow.  The free-stream static-pressitre variations
in the model-free tunnel have heen applied as corrections to
the drag and pressure-distribution data by simple lincar
superposition.  Corrections due 1o the effects of stream-
angle variation were well within the limits of aeeuracy of the
data and have therefore been negleeted. No o corrections
were necessary for the data obtained in the free-flight tunnel.

PRECISION

The uncertainty of the experimental data from tunnels
No. 1 and No. 2 was caleulated by considering the possible
errors in the individual measurements which entered into
the determination of the stream characteristics, pressure dis-
tributions, and drag. ‘The final uncertainty in a quantity
was taken as the square root of the sum of the squares of the
possible errors in the individual  measurements. The
resulting uncertainties in the final quantities are as follows:

Quantity [Tneertainty
I 4.0, 004
Cop 0. 001
a 10, 15°

The variation of the free-stream Mach number over the
length of each model tested was less than £0.01 for all
test, Mach numbers.  The uncertainty in the Mach number
at a given point in the stream is £0.003.

The magnitude of the caleulated uncertainty in the drag
cocflicient appears rather large relative to the observed
seatter of the data. Drag coefficients for repeated tests
generally agreed within £0.002. It is therefore believed
that the drags of models relative to one another are suffi-
ciently accurate for comparative purposes, aithough the
absolute magnitudes of the drag coeflicients for the models
at a particular Mach number may be in error by the magni-
tude of the uncertainty.

Since there are no known systematic ervors in the data
from the free-flight tunnel, the accuracy of the results is
indicated by the repeatability of the data.  Examination of
these data shows that repeat firings of similar models under
almost identical conditions of Reynolds number and Mach
number vielded results for which the average deviation from
the faired curve was 1 percent and the maximum deviation
was 4 pereent.

THEORETICAL CONSIDERATIONS

WAVE DRAG

With the exception of some of the very bluntest models
(models 11, 12, and 18) the wave drag of cach model was
cither caleulated by theoretical methods or was estimated
from existing experimental results.  Values for the wave
drag of the cone and the tangent ogive were obtained from
the exact Tavlor-Maccoll theory (refs. 9 and 10) and the
method of characteristies (ref. 11), respectively.  For the
theoretical optimum nose shapes the second-order theory of
Van Dyke was used. The exact procedure employed in
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using the second-orider theory was that given m reference 12,
in which (he approximate boundary conditions at the body
surface are used in the ealeulation of the perturbation
velocitios, and the exact pressure relation is used to evaluate
the pressure cocfficients.?  The method presented therein is
strietly applicable to sharp-nosed hodies of revolution at
AMach numbers less than that at which the Mach cone be-
contes tangent 1o the model vertex.  Sinee the theoretical
optimuin nose shapes for which the length is fixed {models
10, 13, and 14) have infinite slopes at their vertices (vet
may be considered sharp for most practical purposes), an
approximation (o the shape at the vertex was made to
enable use of the theory.  The blunt tip was replaced by a
short conical section tangent to the original contour.  The
cone angle, and lience the point of tangeney, was selected so
that the cone half-angle did not exceed 94 percent of the
Mach angle.  In the subsequent integrations for the wave
drag from the resulting pressure distributions, the data were
plotted as »P versus rso that the curves could be smoathly
faired through the ovigin.

A simple method of estimating the wave drag of the hemi-
spherically blunted conieal noses has boen suggested. It has
been proposed that the wave drag of the hemispherical tip.
which could be obtained from existing experimental data, be
added 1o the pressure drag of the conieal portion of the nose,
based upon the assumption that the pressure on the conieal
surfuce would be the same as on a pointed cone of the same
slope.  Henee, the pressure deag of the conical portion of
the nose could be obtained by exact theory.

The following empirieal expression, based upon certain of
the experimental results, is suggested for ealeulating the wave
drag of the hemispherical tip for Mach numbers of 2 and
greater:

. 2P, —1 ,

Cpp= 3 tn
where P, is the pitot-pressure coeflicient at the tip of the
hemisphere which may be ealeulated with the aid of Ray-
leigh's equation. This expression was obtained from the re-
sults of the pressure-distribution tests, and its dertvation is
discussed in more detail in the seetion of the report which is
concerned with the pressure-distribution tests.  When this
expression is used for the wave drag coefficient of the hemi-
spherical portion, the expression for the wave drag coeflicient,
of the complete model for Mach numbers of 2 and greater

becomes
INY 2P, —1
('I’ll':(;j) (’ % B ’—l)u)'*‘ljw (2)

where P, is the surface pressure coeflicient or pressure drug
coefficient (refs. 9 or 10y for a cone of half apex angle w at the
free-stream Mach number.  An approximate expression for
w which is sufliciently accurate for the drag estimates is

B 1— (/D) .
~ 1 l
w™~ tan QLI = WD) (3)
FOREDRAG

Values of the foredrag have been caleulated by the addition
of the estimated or theoretical wave drag and the theorctical

3 Ty the upplication of this method a first-order solution is ne

irily obtained,
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skin-friction drag.  Since the skin-friction drag for laminar-
houndary-layer flow contributes so little to the foredrag, the
inclusion of the small effects of hody shape and compressi-
bility on the skin-friction drag was not considered justificd.
Therefore, the lnminar-skin-friction drag coefficients were cal-
culated by the Blasius formula for Hat-plate incompressible
boundury-layer flow (ref. 13).  For the estimates of the skin-
friction drag for turbulent-boundary-layer flow, the body
shape effects were neglected, but the effeet of compressibility
was evaluated by means of the interpolation formula of ref-
erence 14 which is based upon an extended Frankl and
Voishel analysis,

RESULTS AND DISCUSSION

HEMISPHERICALLY BLUNTED CONES

Pressure distributions.—The pressure-distribution data
oblained for models 4p, 5p, and 6p at Mach numbers
between 1.5 and 3.8 are shown in figure 4. The data are
referred to the free-stream Mach number abead of the
normal shock wave at the nose of cach model, Although
these Mach numbers were approximately the same for each
model, they differed slightly beeause of the differences in
positions of the models within the test section.  For each
of the models, the pressure coefficient at the nose agrees
with the pitot-pressure coeflicient caleulated by Ravleigh's
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equation and shown for comparison by the dashed lines.
For models 4p and 5p at Mach numbers 1.97 and 1.5 (figs. 4
(a) and 4(b)) the rapid expansion of the flow over the
hemispherical tip is followed by a recompression over the
forward part of the conical portion of the nose. The
pressure on the conical surface recovers to, or almost to,
the theoretical value of the pressure cocfficient for a sharp-
nosed cone of the same slope. For & Mach number of 3.1,
the expanding flow on the hemisphere does not reach a
lower pressure than the theoretical surface pressure for a
cone of the same slope as the conical afterbody, and it is
found that the pressure is constant over most of the conical
portion of the nose. From these data it appears that the
assumption made in the drag estimates, namely, that the
pressure over the conical portion of the nose is constant and
equal to the theoretical value for a sharp-nosed cone of the
same slope, is essentially correct for free-stream Mach
numbers of 3 and greater. For Mach numbers less than 3
the average pressure over the conical section is less than
that assumed in the estimates, and hence the estimated
drag contribution from this part of the nose will be too high.

A more detailed study of the pressure distribution over
the hemispherical portion of this type body is available
from the data of figure 4(¢). For comparison with these
experimental data, the theoretical incompressible distri-
bution (only part of which is shown for simplicity) and the
distribution predicted by Newtonian theory (ref. 15) are
shown. It is apparent that as the Mach number is increased
the pressure distribution approaches that predicted by
Newtonian theory. In spite of this trend, it is evident
that the distribution would never agree exactly with the
Newtonian beeause the peak pressure coefficient at the nose
would be somewhat less than the Newtonian value of 2.
An additional factor which las been negleeted in the New-
tonian theory is the effect of centrifugal forces which,
although negligible for the lower Mach numbers, would tend
to reduce the theoretical pressure coeflicients over the hemi-
sphere in the high Mach number range.

The study of the comparisons of the experimental pressure
distributions for the hemisphere with that predicted by
Newtonian theory (fig. 4(¢)) indieates that an empirical
expression for the pressure distribution, which yields reason-
ably accurate values of the wave drag, may be written.  The
development of the expression is based upon two experi-
mental results: First, the pressure at the tip of the hemi-
sphere is the stagnation pressure and may be caleulated
exactly from the Ravleigh equation. Second, at the high
AMach numbers the subsequent expansion of the flow is
similar to that predicted by Newtonian theory, and the
local pressure differs from the Newtonian value by an
amount which varies approximately as the cosine of the
angle 8. Based upon these observations the following
empirical expression for the pressure  distribution on a
hemisphiere may be written:

P2 cos? §—(2—1)) cos 8 1)
where P, is the pitot-pressure coefficient at. the stagnation
point on the hemisphere.  "The expression predicts a pres-
sure coeflicient that is exact at 8=0 and agrees with the

Newtoninn value of P=0 at §=90° It is apparent from
the data of figure 4(c) that, although the resulting pressure
distribution will closely approximate the experimental dis-
tribution at high Mach numbers, the predicted pressures
near =90° will be considerably in error for lower Mach
numbers. However, this should not result in a serious
error in the pressure drag, since the surface slope is small in
this region, and thus the resulting drag contribution is also
small. A simple expression for the wave drag coefficient
of the hemisphere results from this empirical equation for
the pressure distribution. Thus, based upon the maximum
cross-section arca,
2P —1

Coy=""3 M

Values computed from this equation are compared in figure
5 with estimates of the wave drag from total drag measure-
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Fraure 5.—Variation of wave drag coefficient with Mach number for
a hemisphere.

ments (refs. 16 and 17) and with the experimental pressure
drag determined from the pressure distributions of figure
4. For Mach numbers between 2 and 8 the agreement is
excellent. As would be expected from the pressure-dis-
tribution results, the values from the empirical expression
arc too large in the lower Mach number range.

From these datla it appears that for the estimates of the
wave drag of the hemispherically blunted cones, the con-
tribution of the hemispherieal tip to the total wave drag at
Mach numbers of 2 and greater may be calculated accurately
with the proposed empirical expression.

Flow field.—The recompression of the flow over the up-
stream portion of the conical afterbody, which was noted
previously in the discussion of the pressure distributions, is
associated with the appearance, a short distance downstream
from the bow wave, of an approximately conical shock
wave in the flow field. The schlieren pictures for model 5
(fig. 6) are typical for all the hemispherically blunted cones
(models 1 through 5) throughout the Mach number range
These pictures show that the intensity of the wave decreases
with inereasing Mach number. At Mach number 3.06 the
wave is no longer evident within the hounds of the schlieren
ficld. The deerease in intensity of the wave 15 in accord
with the changes found in the pressure distribution data.
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(See fig. 4 A fiest glanee i€ might appear that this wave
could be associated with a region of separated flow on the
hemispherieal tip, with subsequent reattachment  accom-
paticd by a shock wave.  However, the schlieren pictures
show no evidenee of flow separation.  Additionally, it is
apparent from the schlieren pictures that this shoek wave
down to the body

These

does not extend from the outer flow
surflace but appears to be diffused near the surface.
observations lead to the speeulation that the origin of the
wave must be associated with the transonie or mixed type
of flow which oceurs i the vieinity of the nose of the body.
The meehamsm by which the compression wave is formed
miay be muech the same as that discussed in reference 18 for
the two-dimensional tlow around a sharp-nesed donble-
wedge airfoil seetion with detached bow wave, Ttis believed
that the wave results from u conleseence of weak compres-
ston waves reflected from the body surface.  (The existenee
of the compression region s confirtned by the pressure-
distribution data) These wuves apparently originate as
expansion waves [rom the body surfuee downstream from
the sone point. s indieated in the sketeh, these expansion
waves which travel along charmeteristic lines are reflected
from the sonie hne and the bow wave as compression waves
which are in turn reflected from the body surface. The
reflection of these wavelets from the body sarface oceurs in
such w manner that they coalesee to form a shock wave.
The dependence of this phenomenon on both the free-
stream Maceh number and the inelination of the body surface
just downstream of the pomt of tangeney of the hemisphere
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with the afterbody is demonstrated by the following obser-
vations. For the hemispherically blunted cones, neither
the shock wave nor the region of recompression on the
body swrface was found for Macl numbers above 3.06.
The disappenrance of this shock wave and region of com-
pression results from the combination of the movement of
the bow wave eloser to the body surface and the small up-
stream movement of the sonic point with increasing Mach
number.  These changes reduce the extent of the mixed
flow region so that for Mach numbers nbove approximately
3 most of the compression wavelets reflected from  the
sonie line and bow wave are incident upon the body surface
in the expansion region between the sonic point and the
poiut of tangeney of the hemisphere with the afterbody and
henee are eanceled.  The importance of the inclination of
the body surface in the region of the reflections is indicated
by the fact that, although the pressure-distribution data
for model 6p (fig. 4(¢)) show that at the lowest test Mach
number there exists a region of recompression just down-
atreanmt from the juncture of the hemisphere and cylindrical
afterbody, the magnitude of the recompression is very small
and does not result in a secondary shock wave that can be
detected in the sehlieren pictures.

Drag. The variation of drag coefficient with Mach mum-
ber for the hemispherically blunted cones of fineness ratio 3
(models 1 through 5) are presented in figure 7. Because of
the differences in test technique, the data from the wind
tunnels and from the free-flight facility are presented scpa-
rately.  Sinee the models vary progressively from the sharp-
nosed cone to the very blunt model with the large hemi-
spherieal tip (¢/1=0.5), the variation of the foredrag coethi-
cient with Mach number (fig. 7(n)) changes progressively
from the familiar variation for a cone (foredrag cocfficient
decrenses with inereasing Mach number) to the variation
characteristic of & hemisphere (fig. 5). Variation with
Mach number of the total drag coeflicient (fig. 7(b))* is

+ No attempt has been made to join the air-off data and air-on dala because of the dif-
ferenees in Reynolds number, recovery temperature, and strenmn turbulence,
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Shock woves

— - — Sonic hne
————— Expansion } Wach
————— Compression ) hires

similar for all models in that the drag coeflicient continually
decreased with increasing Mach number.

The data from figure 7(a) are veplotted in figure 8 to
show the variation of foredrag with nose bluntness at con-
stant Mach numbers and provide comparisons with the
estimated foredrag characteristics.  For this series of fine-
ness ratio 3 noses, a small saving in foredrag may be achieved
through the use of a hemispherically blunted cone i place
of a sharp cone of the same fineness ratio.  Perhaps more
important is the fact that a relatively large inerease in
volume over that of a sharp nesed cone may be realized
without incurring any inercase in foredrag.  An additional
factor to be considered is that the hemispherical nose pro-
vides an ideal housing for scarch radar gear. These data
show that with inereasing Mach number theve is o decrease
in both the degree of blunting which results in minimum
foredrag as well as the maximum blunting allowable such
that the foredrag is not greater than that of the sharp-nosed
cone.  These results are in essential agreement with the
preliminary foredrag estimates.

Although the results (fig. 8) show that for this finencss
ratio 3 series of models there is some drag reduction with
inerease in bluntness, the magnitude of the possible drag
reduction which is obtainable by this method of blunting
decreases rapidly with inereasing fineness ratio. In fact,
there appears to be an upper limit to the fineness ratio for
which this type of blunting will yield any drag reduction.
Some indications of the magnitude of this limiting fineness
ratio which varies with Mach number have been obtained
by comparing the variation with fineness ratio of the esti-
mated wave drag of the d/D=0.075 model with that of a
cone of the same fineness ratio at Mach numbers of 2 and 3.
These results (fig. 9) indicate that the wave drag of the cone
is less than that of this moderately blunt model for length-
to~diameter ratios in excess of approximately 5.4 and 5.0
at Mach numbers of 2 and 3, respectively. These results
also show that the range of nose fineness ratios for which
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hemisphere-cone series, constant D

this type of blunting would be advantageous decreases with
inereasing Mach numbers.

It should also be pointed out that the drag penalty asso-
ciated with the use of excessive blunting inereases rupidly
with inereasing fineness ratio. At a Mach number of about
3.1 the data of the present report (fig. 8) indicate that the
foredrag coeflicient of a 20-percent blunt cone is about 0.01
greater than that of the sharp-nosed cone of the same fine-
ness ratio.  This increment represents approximately a 12-
percent increase in foredrag and may be compared with the
data of reference 19, wherein it is shown that the same
degree of blunting for a fineness ratio 8 body results in an
inerement in wave drag coefficient of 0.053, corresponding
to an increase in pressure drag of more than 300 pereent,

The estimated wave drag coeflicients for the d/D—0.30
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and 0.50 models at Mach numbers of 3.06 and 1.96 are in
very good agreement with the wave drag determined from
tlie pressure distribution models (see fig. 8). Similarly the
agreenment between the experimental foredrag and the esti-
mated foredrag based upon the estimated wave drag plus
laminar incompressible skin-friction drag is very good for
Mach numbers 1.96, 3.06, and 3.67. For the tests at these
Mach numbers the schlieren pictures taken during the tests
indicated that the boundary layer was completely laminar
over cach of the models.  An interesting effeet of body shape
upon boundary-layer transition is indicated by the results
of the tests at M=1.44 and 1.24. From the schlicren pictures
and the foredrag data it was evident that turbulent bound-
ary-layer flow existed on part of the conical afterbodies of
the d/D=0.30 and d/[)=10.50 bodics for the higher Reynolds
number at M=:144 and 1.24. In contrast, the boundary-
lnver flow was laminar over the entire surface of the cone
for the identical test conditions. Tt is believed that the
difference hetween the results for the cone and the blunt
bodies results largely from the effects of the differences in
body pressure distributions.  For the cone the pressure is
constant along the surface and therefore neutral insofar as
its effeet on the boundary-layer flow is concerned. For both
the blunt bodies at the low Mach numbers, the pressure
gradient in the streamwise direction is positive just down-
stream from the point of tangency of the nose with the
conical section (see fig. 4) and hence tends to thicken the
boundary layer and promote transition. Both the schlicren
pictures and the force measurements indicate that for the
high Revnolds numbers the boundary layer is turbulent over
a much greater portion of the surface of the blunter of the
two bodies. This result s in agreement with what might be
expected on the basis of the differences in the pressure distei-
butions for the two models.  Although the adverse gradients
for both the d/D=0.30 and d/D=0.50 models start at cssen-
tially the same longitudinal station along the models, and
initially are of approximately equal magnitude, the adverse
gradient for the blunter model, /D=0.50, cxtends over
most of the conieal section of the model; whereas the gradient
for the d/D=0.30 model is neutral over most. of the conical
seetion.  Hence, it appears reasonable to expeet a lower
Reyvnolds number of transition for the blunter of the two
models.

For the d/D=0.30 and d/D=0.50 models at Mach nunmbers
of 1.24 and 1.44, equation (2) vields values of the wave drag
alone which are even greater than the measured foredrags
at the lower Reynolds numbers.  This discrepaney is attrib-
uted to the fact that at these Mach numbers the empirieal
expression includes too large a value for the wave drag of
the hemispherical portion of these models.  (See fig. 5.)
Hence, for the foredrag estunates shown in figure 8 for
Mach numbers 1.24 and 1.44, the lower values of the wave
drag of the Nemispherical portion of the models obtained
from experiment (fig. 5) were used.  For all other Mach
The

estimated foredrag results obtained are in fair agreement

numbers the empirieal expression (eq. (2)) was used.

with the experimental data.
As previously discussed, preliminary estimates and experi-
ment have both shown that a small saving in foredrag may
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be achieved through the use of a hemispherically blunted
cone in place of a sharp cone of the same fineness ratio.
Although this type of blunting can be beneficial, preliminary
estimates have also indicated that no drag reduction can be
achieved by simply replacing the sharp nose of a given cone
with a hemispherieal tip.  In this case the cone angle is not
reduced, since the length of the model is reduced instead.
In order to verify these results, tests have been made at
Mach numbers 1.44 and 1.99 for a series of hemispherically
blunted cones, formed by progressively blunting an L/D=3
cone. Both the experimental foredrag results and the esti-
mated values of foredrag are plotted in figure 10. It is evi-
dent from the figure that there is good agreement between
experiment. and theory, and that, as expected, there is no
drag reduction due to mere blunting of the parent cone.

THEORETICAL MINIMUM DRAG NOSE SHAPES

Comparison of experimental and theoretical foredrag.—
Comparisons of the experimental and theoretical foredrag
variations with Mach number for the theoretical minimum
drag noses, the L/D=3 cone and the L-1" ogive, are shown
in figure 11. The theoretical drag calculations have been
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limited in most eases 1o a smaller Mach number range than
that for which experimental results are available.  For
Mach numbers less than 1.4 or greater than about 3, the
conical tip approximations to the true body shapes which
would have been necessary for application of the perturba-
tion theory to the minimum drag shapes were considered
unreasonably large; hence, the second-order  theoretical
results were Hmited to Mach numbers between 1.4 and 3.
Iu fuct, for the L-3 Haack nose the theoretical caleulations
were limited to Mach number 2.4, as an excessive amount
of conical tip modification would be necessary for the theory
to be applicable at higher Mach numbers, Theoretical esti-
mates of the foredrg have been made by the addition of
flat-plate skin-friction values to the computed wave drag,
the skin friction being ealeulated for a Reynolds munber of
42108 Although some of the cxperimental data were
tuken at lower Reyuolds numbers (between 2:x10° and
4210, the error introduced by ealendation of the skin
friction at one Reynolds number is small and certainly well
within the aceuraev of the experimental results.  Fither
completely laminar (ref. 13) or completely turbulent (ref.
14) skin-friction drag has been assumed, although the
schlieren pictures indieated that for the tests at Mach num-
hers of 3.06 and 3.67 boundury-layer transition occurred on
some of the models.

A comparison of the experimental and theoretical foredrag
for the L/D=13 cone has been included in figure 11, sinee
sueh a comparison indicates how well the skin-friction drag
may be caleulated and also provides an indication of the
accuracy of the other experimental results. For the Rey-
nolds numbers of this investigation, schlieren observations
indicated laminar-houndarv-layer flow on the cone at all
VMaeh numbers.  The foredrag of the cone was closely esti-
mated by the addition of the exact Taylor-Maccoll wave
drag and Blasius” incompressible laminar skin friction.?

In general, good agreement between the experimental and
theoretical foredeag for laminar-boundarydayer flow was
obtained for most of the models at Maeh mumbers of 1.4
and 2.0, Nevertheless, at Mach number 2 the foredrag of
the L-12 and L=V Haaek shapes are overestimated by about
the nagnitude of the theoretieal lnminar-skin-friction drag.
For a Mach number of 3 the foredrag of the cone and the
foredrag of the L-1) Haack shape are in good agreement with
the theory for lnminar-boundary-layer flow.  However, the
eomparisons indicate that the houndary-laver flow for the
7-17 ogive, the D-V Haack shape, and the hypersonic
optimum shape were at least partially turbulent at this
VMach number. At the maximum Mach number (M=3.67)
the experimental foredrag of the £-17 ogive exceeds even the
theoretical value for completely turbulent boundary-layer
flow. This same result is also inferred from the comparison
for the -V model. 1t is not elear which part of the theoreti-
cal foredrag is at fault, that is, the wave drag or the skin-
friction drag.  However, it appears most likely that the
{hearotical-skiu-friction drag is too small, sinee considerable

1 he Handtzehe and Wemndt transformation of Laninar-hotndary-lay er skin-friction drag
ol a Mat plate to that of @ cone wus negleeted since its inclusion would have inereased the
foredrag by only 1 pereent
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confidence may be placed in the wave drag value, particularly
for the I-1" ogive.®

The date also show that for these particular body shapes,
the first-order theory vields aceeptable values of wave drag
for Mach numbers close to 1.4 only. At the higher Mach
numbers, the first-order theory vields results which are too
low.

Although slender-body theory has sometimes been used
to caleulate the wave drag of shapes with fineness ratios as
low as these, the wave drag cocflicients of 1/9, 1/8, and 1/6
for the L-D), L-V, and D-V" Haack shapes (ref. 2), respec-
tively, are too large at all NMach numbers as compared with
the results in figures 11(e), 11{d), and 1i(e).

Comparison of foredrag of theoretical minimum drag nose
shapes with foredrag of other nose shapes. In order to
assess the theoretieal minimum drag shapes for the three
anxilinry conditions of given length and diameter, given
length and volume, or given dinmeter and volume, other
common shapes with identical values of these parameters
have boen tested and comparisons of the results are shown
in figure 12, Although the Reynolds number was not con-
stant. throughout the Mach number range, it was unchanged
for all the tests at each Mach number.  Henee, differences
in foredrag between models compared at a wiven Mach
number may not be attributed to differences m Revnolds
nuinber.

The foredrag coetlicients of the theoretical minimum drag
shapes for a given length and dinmeter, the L-1) Haack nose
(or Kérman ogive), and the hypersonie optimum nose (%
power and Ferrari shape, see fig. 2) are compared with the
foredrag cocflicients of the parabolic nose in figure 12(a).
It is noteworthy that the L-I Haack nose is not the least-
drag shape for any Mach number within the range of the
{ests.  For the major portion of the Mach number range
(above Mach number 1.5), the hypersonic optimum shape
has the least foredrag. 1t is somewhat surprising that an
optimum shape based upon Newtonian impact theory should
have less deag than the LoD Haack nose at these relatively
low supersonie Mach numbers. It is not clear whether this
anomaly results from the restriction of zero slope at the
base which was evidently assumed in the derivation of the
L-1) Haack nose, or whether this is a result of the low fine-
ness ratio of the models.  To investigate this latter point,
the wave drag coeflicients of hoth the L-1) Haack and the
hypersonie optimum shapes were ealeulated by second-order
theory for fineness ratios of 3, 5, and 7 at a Mach number
of 3. These results (fig. 13) show that the wave drag
cocflicient of the “Haack” shape is the larger for fineness
ratios of 3 and 5. For fineness ratio 7 any difference in
wave drag between the L-1) Haack and the hypersonic
optimum shapes is so small as to be within the limits of
wneertainty of the ealenlations. o provide a better indi-
cation of the combinations of Maeh number and fincness
ratio for which the hypersonic optimum nose has fess wave

8 The foredrag vahies yeported herein for the L- 1 ogive {L{I=2.937 are about 10 pereent
lower than those reported in referenee 7 for an 1 D=3 ogive, although the foredrag results for
the cone and hypersanic optimum shapes (fas. 11 (a) and 11 (01 are tn agreement,  Even
though the tests have been reran and the dita have been carefully cheeked, no satistictory
explanation has, as yet, been found for this difference.
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Freure 12.--Compuarison of foredrag of Haack models with olher
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drag than the L-D) Haack nose, the results of all of the
available second-order solutions for these shapes have been
plotted in figure 14. The plot is made in terms of the
hypersonic similarity parameter, K=M/{(L/D), and indi-
cates that for values of K in excess of about 0.4 or 0.5 (he
hypersonic optimum shape has the lower wave drag.

The foredrag of the theoretieal minimum drag shape for a
given diameter and volume (-1 Hanek, model 15) is com-
pared in figure 12(h) with the foredrag of a cone (D-1 cone,
model 17) having identical values of diameter and volume.

ixeept for Maeh numbers below about 1.4, the foredrag of
the cone is of the order of 20 percent lower than that of the
theoretical optimum shape. Again, this result may be due
either to the low fineness ratio of the bodies tested or the
failure of the slender-hody theory to prediet the correet,
minimum drag shape for all possible shapes rather than the
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larity parameter for the theoretical minimum drag nose shapes of
specified length and diameter,

correct nunimum drag shape for bodies with zero slope at
the base.  Tn any event, it could be expeceted that the drag
difference would be much less for higher fineness ratio noses.

The foredrag of the theoretical minimum drag shape for o
given length and volume (-1 Huack, model 14) is coni-
pared in figure 12(¢) with the foredrag of a circular-are ogive
(L-17 ogive, model 16) having identical values of length and
volume.  Since the base areas of these noses differ, the fore-
drag cocflicients are based on (volume)* instead of hase
area in order that a direct comparison of the foredrags may
be conveniently made. Over the complete Mach number
range the foredrag coeflicient of the -1 Haack model is
hetween & and 16 pereent lower than the foredrag coefficient
of the L-1" ogive.  For both models the variation of fore-
drag coeflicient with Mach number is similar.
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Foredrag of nose shapes defined by r=R(X/L)"- - In ref-
erence 7 foredrag results of fineness ratio 3 models for n=1,
% Y and Y arc presented for the Mach number range of
273 to 5.00 and for length Reynolds numbers hetween
2% 10% and 3X10°% In the present investigation similar
models have been tested at Mach numbers from 1.24 to
3.67 and Reynolds numbers belween 2108 and 4108 in
order to extend the Mach number range of available drag
data. The foredrag results of this investigation are pre-
sented in figure 15 and are compared with part of the results
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range of both investigations. In general, there is good
agreement between the data from both sources, although
there are small differences which may be attributed to vari-
ations in Reynolds number.  Both the hypersonic optimum
nose (n=1%) and the conical nose (n—1) show a similar de-
crease in foredrag coeflicient with inerease in Mach number
over the complete Mach number range.  The hypersonie
optimum nose, however, has much the lower foredrag (about
24 percent lower at Mach number 1,24 and 15 percent Jower
at Mach number 3.67). TIn contrast with the decrease in
the foredrag coeflicient with inereasing Mach number for
the hypersonic optimum and conical noses, the foredrag co-
eflicients for the parabolic and Y%-power noses inerease with
inereasing Mach number in the lower part of the Mach
number range.

COMPARISON OF FOREDRAG OF ALL THE FORCE MODELS

In figure 16 a comparison of the variation of foredrag
coefficient with Maeh number for all the force models tested
is shown. In general, it is seen that for the more blunt
noses (models 5, 12, and 18) the foredrag coeffictent increases
with inerease in Mach number, while for the other noses the
foredrag coceflicient decreases with inerease in Mach number
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over most of the range. Tt is of interest to note that the
cllipsoid (model 18), although showing a large increase in
foredrag coefficient with increase in Mach number to Mach
number 2, has constant foredrag coefficient for Mach num-
bers above 2. There is no minimum drag nose for the com-
plete Mach number range, although the hypersonic optimum
nose (model 10) has the least drag for Mach numbers above
1.5. Below Mach number 1.5 the paraboloid (model 11)
has the lowest drag, slightly less than the drag of the L-D
Haack nose {(model 13).  Of special note is the observation
that many of the nose shapes have less drag than the cone
(model 1), particularly at the lower Mach numbers.

CONCLUSIONS

Drag measurements at zero angle of attack have been
made for various hemispherically blunted cones, theoretical
minimum drag nose shapes, and other more common profiles
of fineness ratio 3. An analysis of the results for a Mach
number range of 1.24 to 7.4 and for Reynolds numbers he-
tween 1.0X10¢ and 7.5X10% has led to the following
conclusions:

1. No model had the least foredrag for the complete Mach
number range.

2. Of the models tested the paraboloid of revolution had
the least foredrag below a Mach number of 1.5, and the
hypersonic optimum shape had the least foredrag above a
Mach number of 1.5.

3. The theoretical shapes for minimum pressure drag
derived by von Kérmin and by Haack for given length and
diameter or given diameter and volume do not have less drag
than all other possible shapes having identical values of the
same parameters.

4. For the hemispherically blunted cones of low fineness
ratios (of the order of 3):

a. Small reductions in foredrag may be achieved by
hemispherical blunting (hemisphere diameter ap-
proximately 15 percent of base diameter) if the
fineness ratio is held constant and, henee, the cone
angle reduced with inereased blunting.  If the cone
angle is held constant and the fineness ratio reduced,
hemispherieal blunting results in inercased foredrag.

b. A relatively large hemispherical tip diameter (as
large as 30 percent of the base dinmeter at Mach
numbers of 1.24 and 1.44) may be used without
increasing the drag above that of a sharp-nosed cone
of the same fineness ratio.

. For large spherical bluntnesses (nose diameters of the
order of 50 percent of the base diameter) drag
penalties were moderate at Mach numbers less than
1.5 but hecame severe with inereasing Maeh number.

. For Mach numbers of 2 and greater the wave drag
may be accurately estimated by the addition of the
wave drag of the hemispherical tip caleulated from
an empirieal expression and the wave drag of the
conical portion from Taylor-Maecoll theory.

Axves Arroxavrican Lasoratory,
Nartonan Apvisory COMMITTEE FOr ABRONAUTICS,
Morrrrr Fieno, Cavie,, cAwg. 28, 1952
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